Thermal cracking of paraffinic atmospheric residue (AR) was performed in a continuous-flow reactor under the reaction conditions of 440-520 and N2 0.2-0.8 MPa, and the effects of the reaction temperature and pressure on the product distribution were examined. The vacuum residue fraction gradually decreased up to 480 and almost disappeared at higher temperatures. Accordingly, the yields of total distillate and coke increased and became nearly constant over 480 . As the heavy distillate yield increased over 480 , the yield of lighter distillates was the highest at 480 and decreased at higher temperature. When the reaction pressure was increased, the heavy distillate yield decreased with increasing yields of lighter distillates and coke. Two paraffinic and two Middle East ARs were thermally cracked under the conditions of 480 , N2 0.4 MPa and 0.5 h, and the product composition and properties were compared. The yield of distillates (C4-500 ) was around 90 % for paraffinic ARs, and 70-80 % for Middle East ARs. The sulfur contents of the distillate products from paraffinic ARs were much lower than those of Middle East ARs, but the difference in the nitrogen contents was not significant. Pyrolyzed middle and heavy distillates were hydrotreated to investigate their hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactivities. The HDS rates of the distillates obtained from paraffinic ARs were 4-6 times higher than those of Middle East ARs. The HDN rates were comparable for the middle distillates, but the HDN rates of the heavy distillates from paraffinic ARs were lower than those from Middle East ARs.
Introduction
Worldwide demand for oil will continue to rise due to the increasing population and higher economic growth in many developing countries such as China and India, which will inevitably increase the oil price in the future. Likewise, the petroleum consumption of Mongolia is also expected to increase rapidly. There are several oil fields in Mongolia and a small amount of crude oil is already produced and exported to China 1), 2) . However, since there is no oil refinery at present, all the petroleum products have been imported from Russia. Therefore, it is very important to establish an oil refinery using domestic oil resources for the development and prosperity of Mongolia.
Mongolian crude oils are similar to the Daqing crude oil produced in China, and are highly paraffinic oils with a large amount of atmospheric residue (68-82 %) 3) . Therefore, cracking technology is necessary to convert the paraffinic residual oil to lighter distillates for the production of transportation fuels and chemicals. Typically, heavy oil conversion involves two general routes: carbon rejection as a product with a low hydrogen content and, at the same time, to produce distillable material with a higher hydrogen content, and hydrogen addition by hydrocracking/hydrogenolysis in which the yield of coke is reduced in favor of enhanced yields of liquid products 4), 5) . Examples of carbon rejection processes are thermal cracking, visbreaking and coking processes. These processes are economically preferable because no hydrogen or catalyst is required, and operational pressure is low compared to hydrogen addition technologies using catalyst and high pressure hydrogen. The distillate product of a carbon rejection process usually contains large amounts of sulfur and nitrogen, and oleffinic compounds which should be reduced to acceptable levels for use in transportation fuel.
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Thermal Cracking of Paraffinic and Middle East Atmospheric Residues and Hydrotreatment of Distillate Products
Yoshikazu SUGIMOTO 1) , Yukichi HORIE 1) , Yoshiaki SAOTOME 1) , Tugsuu TSERENDORJ 2) , and Enkhsaruul BYAMBAJAV 2) Delayed coking, one of the coking processes, is widely used for heavy oil conversion to distillates but coke disposal is necessary through sales or as fuel 6), 7) . The process operates in a semi-batch mode in which the heavy oil feedstock is heated to ca. 500 and then accumulated in one of a pair of coke drums. The vapor products, consisting of gases and distillates, are drawn off the top of the coke drum and coke accumulates in the drum. The coke yield tends to be proportional to the carbon residue content of the feed 8) .
Since paraffinic atmospheric residues (ARs) contain only small amounts of carbon residue and sulfur 3) , the coke yields from delayed coking of paraffinic ARs are expected to be low and the sulfur content of the distillate product should be low. Fluidized catalytic cracking (FCC) of residual oil is another promising way to produce gasoline but not diesel fuel. Since paraffinic ARs contain only small amounts of sulfur, vanadium and carbon residue, they might be introduced to a RFCC unit without any purification, but some Mongolian ARs contain significant amounts of nitrogen and Ni metal which might rapidly deactivate the FCC catalyst.
In this study, paraffinic and Middle East ARs were thermally cracked using a continuous autoclave-type reactor, which resembles a delayed coker, and the product yields and properties were determined and compared. The middle and heavy distillates obtained from the cracked products were further hydrotreated and HDS, HDN and hydrogenation reactivities were examined to evaluate the feasibility for upgrading.
Experimental
1. Materials
Four ARs from Chinese Daqing (DQ), Mongolian Tamsagbulag (TB), Kuwait (KW) and mixed Middle East (ME) crude oils, were examined in this study. TB crude oil supplied by a Mongolian company was distilled in this laboratory and the residue over b.p. 250 was used. Other ARs were supplied from a Japanese petroleum company and used as received. The properties are summarized in Table 1 . The content of the vacuum residue (VR, 500 ) of TB was lower than the other ARs. The catalyst used for hydrotreating of the distillate products was a commercial NiMo/Al2O3 catalyst with 3 % Ni and 15 % Mo contents, and 220 m 2 /g surface area.
Thermal Cracking Tests
Thermal cracking tests were carried out using a continuous-flow reaction system based on a small autoclave-type reactor (inner volume; 32 mL). The feed oil was charged to the reactor from the bottom with nitrogen, and the liquids were stirred thoroughly at 800 rpm by an electromagnetic agitator. The reaction conditions of thermal cracking were as follows: pressure; N2 0.2-0.8 MPa, temperature; 440-520 , feed rate; 64 mL/h, nominal residence time; 0.5 h, N2 rate; 2-8 mL/min. After operation for four hours, the product oil was recovered from a storage tank, and heated to around 50 and filtrated in vacuo. The filtered product oil was separated into four fractions, light (LD; 220 ), middle (MD; 220-350 ), heavy (HD; 350-500 ) distillates and vacuum residue (VR; 500 ) by a simple distillation (Shibata GTR-350). The filtration residue and solid product in the outlet line and storage tank was washed with toluene to recover coke. Solid product in the reactor was also washed with toluene to recover coke. All gaseous product was collected into a gas pack and analyzed by gas chromatographythermal conductivity detector (GC-TCD).
3. Hydrotreatment Tests
A batch-type autoclave with an inner volume of 50 mL was used for the hydrotreatment test. The catalyst was presulfided for 3 h at 400 under a gas flow of H2S (10 vol%)/H2 mixture. The feed oils were MDs and HDs separated from the cracked products obtained from the four different ARs under the conditions of 480 , N2 0.4 MPa and 0.5 h. The autoclave was charged with 4 g of feed and 0.2 g of catalyst, and pressurized under hydrogen to 3 MPa for MDs and 5 MPa for HDs at room temperature. The autoclave was inserted into a preheated vertically shaking electric furnace. The reaction temperature was 300 for MDs and 350
for HDs. After the set reaction time, the autoclave was cooled to room temperature and gaseous product was collected into a gas pack and analyzed by GC. The yields of the gaseous products were negligible. Fresh hydrogen was introduced to the autoclave to purge out H2S dissolved in the product. The hydrotreated oils were separated from the catalyst fines by vacuum filtration. The HDS and HDN reaction rates were obtained by assuming the reaction order of 1.5
3)
.
4. Analysis
The elemental composition of the products was determined by an organic elemental analyzer (Thermo scientific, Flash 2000). The sulfur and nitrogen contents of the distillates were measured with an APS-35 analyzer (APS Technologies Inc.). The hydrocarbon types of the distillates were determined by high performance liquid chromatography 9) . The distillable feeds and products were analyzed with a capillary gas chromatography-hydrogen-flame ionization detector (GC-FID) to determine the contents of distillation fractions and normal paraffins/1-olefins.
Results and Discussion
1. Thermal Cracking of DQAR under Various
Reaction Conditions Thermal cracking of DQAR was carried out at 440-520 under 0.8 MPa N2, and the product distributions are shown in Fig. 1 . The vacuum residue fraction gradually decreased up to 480 and almost disappeared at the higher temperatures. The coke yield increased from 1.2 % at 420 to 8.2 % at 480 , and remained almost constant at 480-520 . The yield of total distillate (C4-500 ) also increased up to 480 and became nearly constant afterwards. The heavy distillate yield was the lowest at 480 and increased above that temperature, and accordingly the yield of lighter distillates (C4-350 ) was the highest (53.1 %) at 480 and decreased at higher temperatures. The yield of C1-C3 gas increased gradually from 1.1 % at 440 to 4.2 % at 520 .
Coke was recovered from the reactor, the outlet line, the storage tank and the product oil. The ratio of coke recovered from the reactor to total coke was 0.93 at 440 , 0.89 a t 460 a n d 0.99 a t 480-520 . Since little coke came out of the reactor at temperatures over 480 , the liquid product would vaporize almost completely and flow out of the reactor. Higher temperatures over 480 would shorten the residence time of the vaporized heavy distillate fraction and lead to the increase in the heavy distillate yield. Figure 2 shows the effect of reaction pressure (N2 0.2-0.8 MPa) on the product distribution at 480 and 500 . Since lighter compounds vaporized and flowed out of the reactor with short residence time, the reaction pressure had a significant effect on the product distribution. More than 99 % of the coke was recovered from the reactor, and the coke yield increased from 5.5 to 8.2 % at 480 and from 4.2 to 8.3 % at 500 with the increasing pressure. A large amount of HD was produced at the lowest pressure (0.2 MPa), and higher pressure led to increased yields of gas, LD and MD, with decreased yield of HD. Therefore, the cracking reaction proceeds more deeply under higher pressure due to the longer residence time. The VR yield was significant at higher temperature (500 ) and 
2. Comparison of Pyrolyzed Products from Different Types of ARs
Two paraffinic ARs and two Middle East ARs were thermally cracked under the reaction conditions of 480 , 0.4 MPa N2 and 0.5 h, and the product distributions are shown in Fig. 3 . The coke yields of paraffinic ARs were very low, that is 4.8 % for TBAR and 6.4 % for DQAR, whereas those of MEAR and KWAR were 10.4 and 12.4 %, respectively. The coke yield was roughly proportional to the carbon residue of the feed (3.0, 4.6, 6.4 and 12.8 % for TBAR, DQAR, MEAR and KWAR, respectively). The ratio of coke recovered from the reactor to total coke was 0.86 for MEAR and 0.79 for KWAR, compared to 0.99 for both TBAR and DQAR. The gas yields were 2-4 % and higher for Middle East ARs. The liquid yields of paraffinic ARs were 90-92 %, compared to 82-83 % for MEAR and KWAR. The yield of VR was very low for paraffinic ARs (0.6 %) and quite high for Middle East ARs (8.5-18.9 %). Paraffinic VRs were cracked to lighter products more rapidly than Middle East VRs. As a result, the distillate yields of paraffinic ARs (88-90 %) were much higher than those of Middle East ARs (65-76 %).
The cracking rate of VR must be dependant on its chemical structure. Paraffinic VRs should consist of normal/branched paraffinic and naphthenic moieties with a small amount of aromatics because the cracked products had a large amount of saturates with only a small amount of polyaromatics as shown later. The very low yields of coke and VR showed that the concentration of five or larger aromatic rings was very low in paraffinic VRs. Middle East VRs include large amounts of aromatics, resins and asphaltenes, and many of the aromatic rings would be larger than five and could not vaporize even if aliphatic side chains are lost by the cracking reaction. Furthermore, the higher concentration of aromatic and polar components in Middle East VRs might stabilize active free radicals somewhat and prevent the radical chain reaction.
Properties and Chemical Composition of
Cracked Products Obtained from Different ARs The properties and chemical composition of pyrolized MDs (pMDs) obtained from four ARs are summarized in Table 2 . The prefixes p and np represents "pyrolyzed" and "no-pyrolyzed", respectively, so npTBMD represents straight-run middle distillate of TB crude oil. The sulfur contents of paraffinic pMDs (650-655 ppm) were much lower than those of Middle East pMDs (9350-18400 ppm), but the nitrogen contents were similar (178-344 ppm). Saturates were abundant in paraffinic pMDs, whereas aromatic fractions were rich in Middle East pMDs. The results of npTBMD and npMEMD are also shown in Table 2 there were similarities in the elemental composition and hydrocarbon types, which indicated that their original mixed Middle East crudes were similar in nature. pMDs contained larger amounts of sulfur, nitrogen and aromatic compounds compared to the corresponding npMDs. The composition of the distillate fractions and the yields of n-paraffins and n-1-olefins determined by GC-FID are also shown in Table 2 . The content of the long straight chains in pMD was similar to that of the corresponding npMD, and was much higher in paraffinic MD compared to Middle East MD. The properties and chemical compositions of four pHDs and of three npHDs are summarized in Table 3 . The sulfur contents of paraffinic pHDs were 840-929 ppm, whereas those of Middle East pHDs were 24800-34900 ppm. The nitrogen contents of the four pHDs were very similar, ranging from 860 to 1180 ppm. The saturates were very rich in paraffinic pHDs and significant amounts of polyaromatics were present in Middle East pHDs. The content of n-paraffins was very high in paraffinic pHDs. pHDs had higher H/C ratio, similar sulfur content, higher nitrogen and polyaromatics contents, and lower saturates content compared to the corresponding npHDs. Although npMEHD and pMEHD were derived from different origins, their related properties indicated that their original mixed Middle East crudes had similar properties.
The yields and elemental compositions of coke, pVR ( 500 ) and pLD are shown in Table 4 . The H/C molar ratio of coke was similar (0.52-0.54) for the four ARs although the yields were quite diffrent. The yields of paraffinic pVRs were very low and the H/C molar ratios were high. Similar to pMDs and pHDs, the sulfur contents of the products from paraffinic ARs were much lower than those from Middle East ARs, and the nitrogen contents showed no significant difference between the two types of ARs except that of coke. The nitrogen contents of coke obtained from paraffinic ARs were 1.3-1.5 %, whereas those from Middle East ARs were 0.5-0.9 %. The recovery yields of sulfur and nitrogen in each product fraction are summarized in Table 5 . The sulfur content of 39-54 % in the feed was concentrated into distillate fractions and 9-44 % of sulfur remained in the coke and pVR. The total recovery of sulfur was high (82-85 %) for Middle East ARs and very low (48 %) for TBAR. The unrecovered sulfur would be converted into gaseous products such as H2S formed from aliphatic sulfur compounds such as sulfides and thiols. The total recovery of nitrogen for TBAR was the lowest (72 %) and the other three ARs had very high recovery of nitrogen (94-99 %), indicating that the nitrogen atoms were present mainly in aromatic molecules. During the thermal cracking reaction, nitrogen was concentrated into the heavier products, coke, pVR and pHD.
4. HDS and HDN Reactivities of Pyrolyzed
Middle and Heavy Distillates pMDs separated from the cracked oils were hydrotreated at 300 to investigate their HDS and HDN reactivities, and the results are shown in Table 6 . The HDS rates of pafaffinic pMDs were 0.12-0.13 h -1 and were much higher than those of Middle East pMDs (0.015-0.03 h -1 ). The higher HDS reactivity of paraffinic pMDs can be attributed to the lower contents of sulfur since the contents of inhibitors such as nitrogen were similar. The HDN rates of four pMDs were in a similar range (0.09-0.15 h -1 ). The hydrotreatment results of npMDs obtained in the previous work 3) are also shown for comparison. The H D S a n d H D N r a t e s w e r e 0.13 a n d 0.15 h -1 f o r pTBMD, and 0.60 and 0.60 h -1 for npTBMD, respectively. The relative rate of pTBMD to npTBMD was 0.22 for HDS and 0.25 for HDN. pMEMD did not have the same origin as npMEMD, but comparison would be informative because similarity of the original mixed crudes can be expected by comparing the composition and properties of pMEMD and npMEMD. The relative rates of pMEMD to npMEMD were 0.32 for both HDS and HDN. These results clearly showed that pMDs had much lower HDS and HDN reactivities compared to the corresponding npMDs. The reduced reactivities of pMDs would be caused by the relatively higher nitrogen contents; 9.1 (npTBMD) versus 235 ppm ( p T B M D ) , a n d 32 ( npM E M D ) versus 178 p p m (pMEMD). The hydrogenation of polyaromatics to monoaromatics was also slow for the pyrolyzed MDs, probably for the same reason.
Four HDs separated from the cracked oils were hydrotreated at 350 to evaluate their HDS and HDN reactivities, and the results are shown in Table 7 together with those of npHDs. The HDS rates of paraffinic The relative HDS rate of pHDs to the corresponding npHDs was 0.67 for TB, 0.63 for DQ and 0.89 for ME. The decrease in the HDS rates of pHDs was not significant because the nitrogen contents were not much higher; 360 ( npT B H D ) versus 870 p p m ( p T B H D ) , 240 (npDQHD) versus 896 ppm (pDQHD), 540 (npMEHD) versus 860 ppm (pMEHD). The HDN rates of pHDs were much lower than those of the corresponding npHDs. The relative HDN rates of pHD to the corresponding npHD was 0.29 for TB, 0.11 for DQ and 0.53 for ME. The decrease in the HDN rates of paraffinic pHDs was greater than expected, presumably because of the increase in the nitrogen contents.
Conclusion
Thermal cracking of paraffinic atmospheric residue (AR) was performed in a continuous-flow reactor at 440-520 unde r N2 0.2-0.8 MPa. The vacuum residue fraction gradually decreased up to 480 and almost disappeared at higher temperatures. Accordingly, the yields of total distillate and coke increased and became nearly constant at over 480 . As the heavy distillate yield increased over 480 , the yield of lighter distillates was the highest at 480 and decreased at higher temperature. When the reaction pressure was increased, the heavy distillate yield decreased with increasing yields of lighter distillates and coke.
Two paraffinic and two Middle East ARs were thermally cracked under the conditions of 480 , N2 0.4 MPa and 0.5 h. The yield of distillates (C4-500 ) was around 90 % for paraffinic ARs and 70-80 % for Middle East ARs. The sulfur contents of the distillate products from paraffinic ARs were much lower than those of Middle East ARs, but the difference in the nitrogen contents was not significant. Pyrolyzed middle and heavy distillates were hydrotreated to investigate their HDS and HDN reactivities. The HDS rates of the distillates obtained from paraffinic ARs were 4-6 times higher than those of Middle East ARs. The HDN rates were comparable for the middle distillates, but the HDN rates of the heavy distillates from paraffinic ARs were lower than those from Middle East ARs. 
